Previously unrecognized weak emission lines originating from high excitation states of Si II (12.84 eV) and Al II (13.08 eV) are detected in the red region spectra of slowly rotating early Btype stars. We surveyed high resolution spectra of 35 B-type stars covering spectral sub-types between B1 and B7 near the main sequence and found the emission line of Si II at 6239.6Å in all 13 stars having spectral sub-types B2 and B2.5. There are 17 stars belonging to sub-type B3 and seven stars among them are found to show the emission line of Si II. The emission line of Al II at 6243.4Å is detected in a narrower temperature range (T eff between 19000K and 23000 K) in nine stars. Both of these emission lines are not detected in cooler (T eff < 16000 K) stars in our sample. The emission line of Si II at 6239.6Å shows a single-peaked and symmetric profile and the line center has no shift in wavelength with respect to those of low excitation absorption lines of Si II. Measured half width of the emission line is the same as those of rotationally broadened low excitation absorption lines of Si II. These observations imply that the emitting gas is not circumstellar origin, but is located at the outermost layer of the atmosphere, covering the whole stellar surface and co-rotates with the star.
Introduction
The phenomenon of sharp and weak emission lines (WELs) in optical spectra of middle to late B-type stars has been reported mainly in chemically peculiar (CP) stars. Detections of these weak features have been made possible by achieving both high spectral resolution and high signal-to-noise (SN) ratio observations. Sigut et al. (2000) reported detections of emission lines of Mn II, P II, and Hg II in the red spectral region of the heliumweak star 3 Cen A (B5 III-IVp). They also found very weak emission lines of Mn II in a mild HgMn star 46 Aql (B9 III). Sigut (2001a, b) carried out detailed analyses of emission lines of Mn II observed in 3 Cen A and 46 Aql and concluded that observations can be naturally explained by interlocked non-local thermodynamic equilibrium (NLTE) effect combined with the vertical stratification of the manganese abundance, with manganese concentrated high in the photosphere. Wahlgren and Hubrig (2000) reported detections of weak emission lines originating from high excitation states of Ti II, Cr II and Mn II in sharp lined late B-type stars including HgMn stars and suggested that the these emission lines arise from a selective excitation process involving H Lyα photon energies. Sadakane et al. (2001) noted that all of the Ti II lines in 46 Aql with high excitation potential (χ > 8.05 eV) and large transition probabilities (log gf > 0.1) are observed in emission near 6000Å. Wahlgren and Hubrig (2004) published an extensive list of emission lines of 3 Cen A. Their list includes emission line spectra of Si II, P II, Ca II, Mn II, Fe II, Ni II, Cu II, and Hg II. Abundances of 11 elements (from C to Hg) have been determined using a synthetic spectrum fitting technique.
Numerous weak emission lines of Cr II and Ti II reported in a cool HgMn star HD 175640 (B9 V) by Castelli and Hubrig (2004) . They noted that emission lines are selectively found for high excitation lines having large transition probabilities (log gf > -1.0) and that these emission lines are found in the red part (λ > 5850Å) of the spectrum. Castelli and Hubrig (2007) Alexeeva et al. (2016) constructed a comprehensive model atom for C I and C II and computed the NLTE line formation for C I and C II. They analysed the lines of C I and C II in seven B to early A-type stars, including ι Her, Sirius, and Vega, and found that the C I emission lines were detected in the four hottest stars, and these lines were well reproduced by their NLTE calculations.
Summarizing these published results, we notice that stars showing WELs are mainly middle B to early A-type stars including CP stars. Almost all WELs are arising from high excitation states of singly ionized ions. At the same time, WELs are found in the red and near-IR spectral regions preferentially and no WELs have been reported in the blue or in the near UV regions so far. Nieva and Simón-Díaz (2011) analysed high resolution spectra of 13 early B-type main-sequence stars of spectral classes B0 V to B2 V and low projected rotational velocities (v sin i < 60 km s −1 ) in the Ori OB1 association. They published a graphical presentation of the spectrum of HD 35299 (B1.5 V) in the appendix. Nieva and Przybilla (2012) carried out a comprehensive spectral analyses of 27 B-type stars and published graphical presentations of spectra of four B-type stars including a B2 IV star γ Peg. Examining graphical data of HD 35299 (Nieva and Simón-Díaz 2011) and γ Peg (Nieva and Przybilla 2012), we noticed an emission like spike near 6239.7Å in both stars. Curiously, however, no identification has been given to this feature on graphs of both stars.
Interested in the nature of this unidentified feature, we examined high resolution spectral data of γ Peg obtained with the HIgh-Dispersion Echelle Spectrograph (HIDES, R ∼ 70000) at the coudé focus of the 188-cm reflector of the Okayama Astrophysical Observatory (OAO) and data downloaded from the Elodie archive (R ∼ 42000, Moultaka et al. 2004 We collected as many high resolution spectral data of early B-type stars as possible from various data archives, then tried a systematic survey for the Al II and Si II emission lines near 6240Å in these stars to find that the Si II emission line appears frequently in B2 -B3 sharp-lined main sequence stars while the Al II emission line appears in a narrower spectral range of B2-type stars. Details of our survey for WELs in early B-type stars and results are described in the following sections.
Observational data
We collected optical spectral data of 35 B-type stars of low rotational velocities corresponding to spectral types from B1 to B7 and luminosity classes from III to V from various data archives. Spectral data of 26 targets were observed using the HIDES spectrograph at OAO. Data of 11 targets were obtained with the Elodie spectrograph of the 193-cm telescope at the Observatoire de Haute Provence. Data were obtained by the UVES spectrograph of the ESO VLT (three targets) and by the High Dispersion Spectrograph (HDS) of the Subaru telescope (three targets). Raw data obtained by the HIDES and HDS spectrographs were downloaded from the SMOKA database, which is operated by the Astronomy Data Center, National Astronomical Observatory of Japan. Processed data of the Elodie and UVES spectrographs were obtained from the Elodie archive and the UVES-POP archive (Bagnulo et al. 2003) , respectively.
The reduction of two-dimensional echelle spectral data obtained by the HIDES and HDS spectrographs (bias subtraction, flat-fielding, scattered-light subtraction, extraction of spectral data, and wavelength calibration) was performed in a standard manner using the IRAF software package. The wavelength calibration was done using the Th-Ar comparison spectra obtained during the observations. The observed wavelengths of all stars observed by all four spectrographs have been converted into the laboratory scale using measured wavelengths of He I and Si II absorption lines. Finally, the continuum levels of all spectral data have been normalized to unity by a polynomial fitting technique.
Relevant data of our target objects are summarized in table 1. Spectral types are taken from the Bright Star Catalog 5-th edition (Hoffleit and Warren 1991) , except for three stars (HD 89587, HD 133518 and HD 181858) . Spectral types of two southern stars (HD 89587 and HD 133518) are taken from Houk (1978) and data of HD 181858 is taken from Houk and Swift (1999) . Data of rotational velocities (v sin i ) are taken from Abt et al. (2002) . Data of v sin i for five stars (HD 3360, HD 29248, HD 35039, HD35468, and HD36591) have been replaced with new data taken from Simón-Díaz and Herrero (2014) and that of HD 133518 is taken from Alecian et al. (2014) . We could find no published data of v sin i for HD 89587.
Effective temperatures (T eff ) and surface gravities (log g) are taken from various sources. We adopt data given in Takeda et al. (2010) and Nieva (2013) . When no data can be found in these two papers, we use T eff and log g values given in Lefever et al. (2010) (HD 35468 and HD 214993) , Aerts et al. (2014) (HD 163472), Morel and Butler (2008) (HD 170580) , and Alecian et al. (2014) (HD 133518) . We can find neither published data of T eff and log g nor uvby and β photometric data for the southern star HD 89587. We estimated its effective temperature by comparing the line intensity ratio of the S II line at 5664.8 A to the N II line at 5666.6Å with those measured in 15 B2 and B3 type stars in table 1. The ratio is found to be sensitive to a change in temperature for stars belonging to spectral types B2 and B3. Measured equivalent widths (in mÅ) and central relative intensities (C. I.) of the Si II line at 6239.6Å and the Al II line at 6243.4Å are given in columns from 12 to 15. Measurements of equivalent widths are carried out using the direct integration method.
Figures 1 and 2 show spectral data near 6240Å for five representative examples of hot B-type stars and five cooler stars, respectively. We plot observed and simulated spectra for each star. Simulated spectra were computed using the tabulated atmospheric parameters and the rotational velocity for each star, interpolating the ATLAS9 model atmospheres (Kurucz 1993) . The solar abundances, the LTE line formation and the microturbulent velocity, ξt = 4 km s −1 , have been assumed in these simulations. We use log gf values of the Si II lines and the Al II lines taken from the NIST Atomic Database (Kramida et al. 2015) , while log gf values of other lines are taken from Kurucz and Bell (1995) .
We surveyed for other emission features of high excitation Al II and Si II ions on a high SN ratio (∼ 900) spectrum of γ Peg and found two and six additional emission features of these two ions, respectively, as listed in table 2. Figure 3 displays two small sections of the spectra of two sharp lined stars γ Peg and ι Her near the Si II line at 5688.81Å (upper panel) and the Al II line at 5593.30Å (lower panel). We can see that the Si II line is seen in emission in both stars. The Al II line appears as an emission feature in γ Peg, while the line is seen as a weak absorption feature in the cooler star ι Her.
In figure 4 , we compare observed profiles of the Si II emission line at 6239.6Å and those of a low excitation (8.12 eV) absorption line of Si II at 6371.37Å of three B2 type stars (γ Peg, ζ Cas, and γ Ori) on the velocity scale.
Discussion
We have presented observations of weak emission lines (WELs) of high excitation Si II and Al II ions in the red region spectra of early B-type stars. WELs in hot B-type stars and those of Al II ions have not been reported in previous publications. We find that the emission line of Si II at 6239.6Å is observed in all 13 stars in our sample contained in the T eff range between 23000 K and 17500 K. The line is observed less frequently in middle B-type stars (between 17500 K and 16500 K) and the line is not observed in emission among cooler (T eff < 16000 K) stars. The observed high frequency of detection of the Si II line at 6239.6 A in emission among early B-type stars strongly suggests that the occurrence of this emission line is not a rare case but a common phenomenon among these stars. The line of Al II at 6243.4 A is observed in emission only in a narrow temperature range (between 23000 K and 19000 K) less frequently than the Si II line. The line is observed not in emission but as a weak absorption feature in stars with T eff < 17500 K. Data of equivalent widths of emission lines (table 1, columns 12 and 14) show that maxima of both emission lines are observed between the range in T eff between 22000 K and 19500 K.
We have data of multi-epoch observations for two objects γ Peg and ι Her, both of which show a clear emission line of Si II at 6239.6Å. Data of six epochs (from 1998 November to 2006 October) and seven epochs (from 1994 April to 2013 June) are available for γ Peg and ι Her, respectively. These data are obtained by the Elodie, HIDES, and HDS spectrographs. We examined averaged spectral data of each epoch of both stars and found no significant time variation in the line peak intensity, central wavelength, and width of the Si II emission line at 6239.6Å. These data strongly suggest that the appearances of the emission line in these two stars are not temporal phenomena but they are stationary features lasting for at least a few decades. Figure 4 clearly demonstrates that very faint WELs can be detected in a relatively fast rotating star such as γ Ori when using high SN and high resolution data. We can see from this figure that the emission lines show single-peaked and symmetric profiles in all three stars and that their line centers have no shift in wavelength with respect to those of low excitation ab-sorption lines of Si II. Measured half widths of the emission lines are the same as those of low excitation absorption lines of Si II in all three stars. These observations imply that the faint WELs are formed nearly at the same location as the absorption lines and their origins are not circumstellar. Furthermore, the observed widths of WELs, which are the same as those of the rotationally broadened absorption lines, imply that the emitting gas is covering the whole stellar surface and is co-rotating with the star.
The mechanism for populating the highly excited states is still now under investigation. In a review article, Wahlgren (2008) noted that NLTE can be a significant mechanism for the production of WELs. Sigut and Lester (1996) Sigut (2001a, b) carried out analyses of emission lines of Mn II observed in 3 Cen A and 46 Aql and concluded that these emission lines can be explained by interlocked NLTE effect combined with the vertical stratification. Wahlgren and Hubrig (2000, 2004) proposed an alternative mechanism that the population of highly excited states might be due to excitation from the far-UV continuum radiation.
Our present sample covers a different temperature domain from that containing the previously known WELs stars on the HR diagram, and contains only one CP star (HD 133518: B2 IVp He-strong) and none of the remaining sample stars are known to show spectroscopic anomalies. Thus, it seems difficult to postulate a stratification of some specific elements, such as Si and Al, in their atmospheres. Thus, our results may have a significant bearing upon our understanding of the outermost atmospheric regions of B-type stars and the formation of the abundance anomalies observed in CP stars, which is generally attributed to the diffusion processes. Finally, we notice in table 1 that 12 stars belong to the β Cep type, the SPB type, or the hybrid type pulsational variable stars. The observed frequency of these variable stars among B-type stars is steadily increasing in recent years. Furthermore, weak magnetic fields have recently been detected in some of these variable stars (Wade et al. 2016 ).
We plan to carry out spectroscopic observations of early Btype stars in order to increase the number of sample stars. One of our interest is observing hot stars with spectral sub-types between B1 and B2, where we have only a few objects in the present sample. It might be possible to determine the hot end of the region in the T eff range between 23000 K and 27000 K, in which the Si II line at 6239.6Å appears as an emission line. We also plan to observe wavelength regions not included in the present study in order to survey for new emission features. These observations will provide useful boundary conditions or constraints to be incorporated in theoretical interpretations. Moore (1959) and atomic data (wavelengths λ, excitation potentials, electron configurations and log gf values) are taken from the NIST atomic database.
